Abstract 2,4-Dichlorophenoxyacetic acid (2,4-D) is a synthetic plant growth regulator that is highly toxic to most broad leaved plants and relatively nontoxic to monocotyledonous plants; is frequently used as weed killer. The study aimed to investigate cytogenetic effects of different concentrations of 2,4-D (0.67, 1.34, 2.01, 2.68, 3.35 and 4.02 mg/L) on Allium cepa bulblets' root tips treated for 24 and 48 h. The results showed six types of structural aberrations: C-mitosis, stickiness, laggards, bridges, fragments and multipolarity that varied numerically compared to control. It significantly affected mitotic index (MI) at 24 and 48 h treatment. In the Allium test, MI increased significantly at three lower concentrations (0.67, 1.34, 2.01 mg/L) after treatment with 2,4-D for 24 h and decreased significantly at higher concentration. Whereas, 2,4-D treatment for 48 h increased MI at all concentrations with significantly decreased MI at the highest concentration. The experiment was extended using comet test that did not reveal significant difference among treatments except for application of 4.02 mg/L 2,4-D for 48 h; where cell damages were verified by comet test. Rest of the concentrations for any duration of time were not damaging and toxic to cells. The results showed, visible mitodepressive action of 4.02 mg/L 2,4-D when treated for 48 h that had tendency to become toxic if the roots had been in touch with 2,4-D for a longer time.
Introduction 2,4-Dichlorophenoxyacetic acid (2,4-D) is a postemergence systemic broad leaf herbicide used for selective control of broadleaf plants and as powerful plant growth regulator (auxin) at low concentrations (Kaynak and Memiş 1997; Truta et al. 2011) .
Every year number of new studies are reported explaining different mechanisms related to toxic actions of 2,4-D, a common herbicide on plants, animals and human cells (Fantel 1996; Don-Pedro 1996; Coppen and Jepsons 1996; Schrader et al. 1999; Heiden et al. 2006; Hardell 2008; Cogliano et al. 2011; Mortensen et al. 2012; Von Stackelberg 2013; Song 2014) . Degradation by soil micro organisms is assumed as main cause of 2,4-D decomposition in soil. 2,4-D half life in soil is 7-10 days depending on environmental conditions like nutrient composition, moisture, oxygenation, temperature etc. (Vogue et al. 2004; Gilbert 2014; Anonymous 2015a) . Contrarily, 2,4-D is reported to have relative persistence in anaerobic aquatic environments with low oxygen. Here half-life of 2,4-D ranges 41-333 days (USEPA 2005) .
Studies on 2,4-D has pointed out number of long term adverse effects of 2,4-D and its formulations on human health, terrestrial plants, aquatic life and environmental risks with strong indications that these have been underestimated (Anonymous 2015b) . At present it is well known that 2,4-D can disturb some chemical reactions by interacting with phospholipids generating free radicals causing lipid peroxidation. It also binds to enzymes resulting in change of their activity (Fantel 1996; Don-Pedro 1996) . Increased lipid peroxidation and oxidative stress can affect the activities of protective enzymatic antioxidants that have been shown to be sensitive indicators of increased oxidation reactions (Fantel 1996; Schrader et al. 1999) .
Higher plants are perceived as great hereditary models to distinguish environmental mutagens and are regularly utilized for the purpose. Allium is regularly used to assess damages like chromosome aberrations and disturbances in the mitotic cycle since it has large chromosomes. In addition, the Allium cepa test has indicated high affectability and great relationship when compared to other test systems (Morais Leme and Marin-Morales 2009).
Uses of comet test in plants are still restricted compared to their use in animal systems. Comet test analyse cell reaction to genotoxic agents and additionally a few biotic and abiotic stresses that prompt oxidative DNA damage. Comet test can help in evaluating the capability of higher plants as steady sensors in biological communities and source of data on the genotoxic effect of perilous contaminations (Ventura et al. 2013) .
No previous report suggests possible actions of 2,4-D on A. cepa L. (2n = 16) roots in agar solidified MS (Murashige and Skoog 1962) medium. This study aimed to distinguish effects of conditioning of different concentrations of 2,4-D for 24 and 48 h in agar solidified MS medium on A. cepa bulblets' root tips cytogenetically and confirm these by comet test.
Materials and methods

Plant material and surface sterilization
Healthy, unbruised 10-15 mm diameter bulbs of A. cepa L. (2n = 16) were used as the test plant. The bulblets were purchased from the open market. The A. cepa bulblets were surface sterilized with 20, 25, 30 and 35 % commercial bleach (5 % NaOCl) for 10 min. After the surface sterilisation, the bulblets were rinsed 3 9 5 min in double distilled sterilized water.
Media and culture conditions
Bulblets were cultured under aseptic conditions on MS basal medium (Catalogue No. M5519, Sigma-Aldrich Chemie GmbH, STeinheim, Germany) for growth and development of roots that grew to 1.5-2 cm length in 5 days time.
Previous studies reported 0.01-5 mg/L 2.4 D as optimum concentration for regeneration in tissue culture (Smith 1992; George 1993; Franklin and Dixoni 1994; Ateeq et al. 2002) . Therefore, growth inhibition test was performed as described by Fiskesjo (1988) Chemie GmbH) in MS medium solidified with 0.7 % (w/v) agar (Sigma Agar type A and 30 g/L sucrose) for 24 and 48 h. A control was also planted using untreated roots on MS medium solidified with 0.7 % (w/v) agar and 30 g/L sucrose for 24 and 48 h. The stock solution was prepared by solving 1 mg 2,4-D in 0.2 mL ethanol followed by making 1 mL volume with double distilled bioinised water; which was stored at 4°C.
Each experimental treatment used 12 bulblets divided into six replications such that each replication contained 2 explants. The experiment was conducted by inducing roots on MS medium containing 2,4-D or 2,4-D added to MS medium after development of roots. The bulblets that induced roots on MS medium were transferred to 2,4-D containing medium after 5 days of root induction. pH of all culture media was adjusted to 5.7 ± 0.1 using 1 M KOH or 1 M HCl before adding agar. All media were autoclaved at 104 kPa pressure at 121°C for 20 min.
All cultures were incubated in growth chamber at 24 ± 2°C under 16 h light (42 lMol photons -2 s -1 ) and 8 h dark photoperiod.
Preparation of root tip materials for cytogenetic analyses
Root tips obtained from all experimental treatments were fixed in 3:1 absolute alcohol:acetic acid at 4°C for 16 h and then they were transferred to 70 % alcohol. Following all treatments, the root tips were macerated, stained, and squashed as described earlier by Yüzbaşıoglu et al. (2003) . Cytological preparations were made from ten bulblet roots using Feulgen schedule (Darlington and La Cour 1976) and made permanent by mounting in Depex (Catalogue No. 06522, Sigma-Aldrich Chemie GmbH, Riedstrasse).
The mitotic index (MI) was calculated from 1000 cells and counting the stages of mitotic cells and mitotic abnormalities. Slides were prepared from different bulblets; 1000 cells were screened from each of 10 bulblets yielding 10,000 cells for each concentration and duration of time.
Isolation of nuclei and the comet (single cell gel electrophoresis) assay Firstly A. cepa roots were exposed to MS medium for 5 days. Thereafter, these were subjected to 0.67, 1.34, 2.01, 2.68, 3.35 and 4.02 mg/L of 2,4-D concentrations for 24 and 48 h similar to those used for cytogenetic analysis described above. Slides were prepared and stained as described by Juchimiuk et al. (2006) and Justyna et al. (2012) with some modifications. The roots were cut 5 mm from their ends and about 1-2 mm of root tips were used for the test. These root tips were immersed in 400 lL cold 0.4 M Tris-HCl buffer (pH = 7.5) on Petri dishes placed on ice for 2 min. All treatments were conducted in dim red light. The roots were gently sliced and isolated for collection of root nuclei in the buffer. Microscope slides were pretreated by spreading two fold 1 % normal melting point (NMP) agarose in distilled water evenly over the slide and allowing the agarose to harden. Thereafter, 90 lL suspension of nuclei mixed with 90 lL 0.75 % agarose (1:1) (low-melting point agarose) in Tris-HCl buffer was spread on the slides. Thereafter, the slides were covered with a coverslip, kept on ice for 5 min and then coverslips were removed. Then, 90 lL of 0.75 % agarose (low-melting point agarose) was spread on each of the slides and the slides were covered with a coverslip again. Following coverslips were removed and the slides were placed on horizontal electrophoresis tank filled with freshly prepared cold electrophoresis buffer (300 mM NaOH, 1 mM EDTA pH [ 13) kept cold using ice. The slides were incubated in the buffer for 20 min to facilitate DNA unwinding followed by performing electrophoresis for 20 min at 27 V, 300 mA at 4°C. The slides were washed three times with 0.4 M Tris-HCl buffer (pH = 7.5). Each slide was stained with 80 ll of ethidium bromide (1:4 EtBr:distilled water) and kept at 4°C until analysis. The comet analysis was performed on randomly selected 25 nuclei by using specialized image analysis system (Comet Assay IV, Perceptive Instruments Ltd., UK).
Statistical analysis
The data obtained were analysed using z test for the MI and, v 2 test for the frequency of mitotic phases and mitotic abnormalities. Comet test values were analysed and subjected to t test to detect differences between the treatment and control groups.
Results and discussions
The results showed contamination of root tips treated with 20 % commercial bleach for 10 min sterilization. No contamination was noted after treatment with all other concentrations. On the other hand, minimum damage to cell walls of bulblet scale cells was noted after treatment with 25 % commercial bleach, as noted under microscope (results not shown). At higher concentrations of commercial bleach, considerable damages were noted on cells. The surviving cells varied slightly, swelled due to commercial bleach interaction and lost their squared shape outlines. Therefore, 25 % commercial bleach treatment for 10 min was preferred for surface sterilization of bulblets throughout the study.
After culturing in 2,4-D containing media, the bulbs formed small and abnormal root structures (Fig. 1a) compared to those cultured in agar solidified MS medium-control (Fig. 1b) . It was difficult to take samples for analysis and calculate their root length and EC 50 value. The results showed that roots were very sensitive to prolong treatment of 2,4-D. Both genotoxicity and cytotoxicity can be monitored by using cytological parameters such as the number of chromosome breaks and micronuclei, MI, chromosome and mitotic damage. Therefore, this test could be used for easy detection of chemicals having mutagenic effect in the laboratory (Grant 1999 ) using macroscopic parameters of root growth and root morphology (Fiskesjo 1993 ).
However, the bulblets that induced roots on MS medium for 5 days followed by their culture on different concentrations of 2,4-D for 24 and 48 h showed variable responses. It is known that changes in DNA can occur during in vitro culture (Cecchini et al. 1992; Zheng 1991; Puolimatka and Karp 1993) .
Mitotic index in root tip cells among different concentrations of 2,4-D on chromosomes after 24 h treatment varied significantly (P \ 0.001) that ranged from 3.93 ± 0.19 to 10.7 ± 0.31 compared to the control (Table 1) . MI of control treatment was 8.01 ± 0.27. Maximum MI was noted in root cells treated with 1.34 mg/L 2,4-D. MI significantly increased at the three lower concentrations (0.67, 1.34, 2.01 mg/L); and decreased at three higher concentrations (2.68, 3.35 and 4.02 mg/L). Similarly, after 48 h treatment of 2,4-D, MI among different concentrations varied significantly that ranged from 9.07 ± 0.28 (at 1.34 mg/L) to 3.10 ± 0.17 (at 4.02 mg/L) compared with control (Table 1) . MI of control remained at 4.81 ± 0.21. Maximum MI was noted on 1.34 mg/L treated roots. 2,4-D treatment significantly decreased the MI only at the highest concentration (4.02 mg/L). However, it was interesting to note that MI significantly increased at the 1.34, 2.01, 2.68 and 3.35 mg/L concentrations at 48 h 2,4-D treatment. Fernandes et al. (2007) suggested that the cytotoxicity level of a chemical could be measured by increase or decrease in MI. If MIs are lower than the negative control, they indicate changes due to chemical actions during growth and development of organisms (Hoshina 2002) . Whereas, Morais Leme and Marin-Morales (2009), emphasized that if MIs are higher than the negative control, they show accelarated cell division, which can be damaging to the cells, prompting a disarranged cell multiplication and can lead to the development of oncogenic tissues. The reduction in the MI clearly indicates the mitodepressive and cytotoxic effects of 2,4-D in the present experiment. Similarly, Kocaman and Güven (2015) found that 1-naphthaleneacetamide (NAAm) caused statistically significant reduction both in the MI after 48 h treatment period and in the nuclear division index (NDI) after 24 and 48 h treatment periods as compared to the control groups.
Application of 2,4-D for 24 and 48 h resulted in increased rate of prophase cells compared to the control groups. The results are in clear agreement with observations of Mohandas and Grant (1972) ; Tomkins and Grant (1976) , Prasad and Das (1977) and Kumari and Vaidyanath (1989) .
Metaphase and anaphase cell rates were lower than the control groups at all (except 0.67 mg/L concentration of the 48 h) treatments. These results show that, mitotic anaphase decreased variably and irregularly with each increase in the concentration of 2,4-D. All rates of cell divisions in telophase increased after 24 h application of 2,4-D (except 3.35 and 4.02 mg/L concentrations). Forty eight (48) h treatment showed different rates of divisions in telophase at different concentrations. However, the rate of changes in different phases was statistically non significant. Similarly, Liman et al. (2011) investigated the genotoxic effects of fenaminosulf, fungicide and microbiocide, and found that rate of division of prophase cells increased at 24 h treatment at 12.5 and 50 ppm. Furthermore, they found that rate of division of cells decreased at metaphase, anaphase and telophase in all However, using 1 mg/L 2,4-D an increased metaphase or decreased anaphase and at 10 mg/L a decreased metaphase or increased anaphase activity was noted in root meristems of radish. They also reported that the cell rate in telophase increased in radish root meristems. These results are different from the results reported in this study. This difference may have resulted from the differences of plant materials and concentrations of 2,4-D used in these experiments.
Application of 2,4-D for 24 and 48 h in A. cepa roots increased the frequency of mitotic abnormalities compared to the control. However, this increase was not statistically significant. Six types of structural aberrations were recorded: C-mitosis, stickiness, laggards, bridges, fragments and multipolarity (Fig. 2) .
C-mitosis values varied between 0.09 and 0.96 at both treatment periods (Table 2) . Zeljezic and GarajVrhovac (2004) reported that 2,4-D caused increase in chromatid and chromosome breaks, number of micronuclei and nuclear buds. Difference of results in this study and those reported in this experiment could be attributed to the use of different methodologies, treatments and protocols used in the two studies. The mechanisms of chromosomal damage due to 2,4-D is poorly understood. Previous reports suggested that 2,4-D affected the frequency of homologous recombination in Arabidopsis, Raphanus sativus L. and Phaseolus vulgaris L. (Filkowski et al. 2003; Truta et al. 2011) . Differences in C-mitosis results may have their connection with inactivation of the mitotic spindle subsequent to an unarranged scattering of the condensed chromosomes (Levan 1938) .
Lagging chromosomes were noted on treatments with 2.68 and 3.35 mg/L of 2,4-D with the frequency of 0.39 and 0.43, respectively, at 24 h treatment. At 48 h treatment period, 0.67 and 2.68 mg/L concentrations induced lagging chromosomes with the frequency of 0.37 and 0.15, respectively. Lagging chromosomes arise mainly due to abnormal spindle formation and as a result, spindle fibre failed to carry respective chromosomes to the polar regions with appearance of lagging chromosomes (Tarar and Dyansagar 1980; Tartar et al. 2006; Pulate and Tarar 2014) .
At 24 h exposure time, chromosome stickiness was noted for concentrations of 2,4-D at 0.67, 2.01 and 2.68 mg/L with the frequency of 0.14, 0.10, 0.92, respectively. At 48 h exposure, 0.67, 1.34, 2.01 and 4.02 mg/mL concentrations induced stickness at the frequency of 0.57, 0.12, 0.22 and 0.32, respectively. The presence of sticky chromosomes might have resulted from uncoiling of chromosomes in abnormal way during anaphase to telophase (Qian et al. 2006) . It is assumed that the sticky nature of chromosomes is due to delay in chromosome movement by 2,4-D treatment.
Thus the chromosomes could not reach the poles and remained scattered in the cytoplasm and appeared condensed and sticky (Ajay and Sorbhoy 1988) .
In this study, bridges were observed at all concentrations of 2,4-D and control groups at both treatment periods. Bridges were found to be the result of stickiness of chromosome (El-Ghamery et al. 2000) . Chromosomal bridges mainly arises due to the non disjunction of sticky chromosome or breakage and reunion during separation at anaphase (Koduru and Rao 1981) . All these aberrations including C-mitosis, chromosome stickiness, bridges and the above mentioned other irregularities are in agreement with Ateeq et al. (2002) . Ateeq et al. (2002) noted cytological abnormalities in the meristematic mitotic cells of A. cepa. They found that 2,4-D evidently induced morphological changes at higher concentrations. Some changes like crochet hooks, c-tumours and broken roots were unique to 2,4-D at 5-20 ppm (5-20 mg/L) and the chromosome aberrations were statistically significant.
The results are also in agreement with Mohandas and Grant (1972) . They studied cytological effects of 2,4-D on A. cepa, Triticum aestivum, T. dicoccum, Hordeum vulgare, Secale cereale and found cytological abnormalities induced in root-tip cells. They found that 2,4-D caused chromosome bridges, fragments, lagging chromosomes, and chromatin bodies. 2,4-D also induced chromosome contraction and C-mitosis. Similarly, Kumar (2010) found that 2,4-D exerted a threat on economically important crops by cytological damage to the cells. The researcher found that 50-1200 ppm 2,4-D treatment for 72 h at room temperature had negative effects on chromosomal morphology in mitotic cells of T. aestivum. The researcher also found twelve distinct chromosome structure abnormalities over control. The observed irregularities were stickiness, c-mitosis, multipolar chromosomes with or without spindles, fragments and bridges, lagging chromosomes, unequal distribution of chromosomes, over contracted chromosomes, unoriented chromosomes, star shaped arrangement of the chromosomes, increased cell size and failure of cell plate formation. Truta et al. (2011) reported cytogenetic effects induced by 2,4-D in root meristems of R. sativus L. and P. vulgaris L. on MI, rate and categories of ana-telophase chromosome aberrations. They found that 2,4-D (1 and 10 mg/L) had a slightly cytotoxic effect in radish, but did not show genotoxic potential for P. vulgaris. Kumar and Jagannath (2015) observed that the chromosomal abnormalities increased as the concentration of the butachlor herbicide increased when compared to control in wheat. They observed sticky chromatin, chromosomal bridge, nuclear lesion, scattered chromosome, fragmented metaphase, fragmented anaphase, multipolar chromosome and micronuclei. They explained that butachlor can produce negative effects on mitotic division in somatic cells of wheat.
Results obtained with the comet assay are summarized in Table 3 . DNA damage was not significantly high in treatments containing different concentrations of 2,4-D for 24 and 48 h compared to the control (P \ 0.05). Mean tail intensity ranged from 39.30 ± 4.60 to 67.42 ± 5.52; which did not show any significant difference compared to control. Mean tail moment ranged from 54.06 ± 6.32 to 120.01 ± 20.53 that also showed significant differences compared to control for both treatment periods. Comet test confirmed presence of undamaged DNA after application of test (Fig. 3a) . Although damaged cells were confirmed by comet test (Fig. 3b) after application of 4.02 mg/L 2,4-D for 48 h, their number was insufficient for clearly determining any trend.
Using comet assay Türkoglu (2012) also confirmed single strand breaks and significant increase in DNA damage of A. cepa roots after 24-48 h treatment with chlorfenvinphos and fenbuconazole. The roots were treated with 10, 20, 40, 60, 80, and 100 ppm concentrations for 24 and 48 h. The researcher noted that DNA damage was significantly high in treatments of both chemicals compared to the control. In addition, the researcher also reported that chlorfenvinphos and fenbuconazole significantly increased the frequency of abnormal cells at all concentrations and treatment periods when compared to their controls. Setha et al. (2008) also confirmed that cytogenetic and DNA damage effects of Cadmium could be tested by comet assay on the root meristem cells of A. cepa that were exposed to 10, 20, and 40 mL for 24 h and also left in water for 24 h recovery. They reported that exposure of Cd revealed significant inhibition of MI, induction of CA, mitotic aberrations (MA), and micronucleus (MN) formation. In addition, they explained that at 40 mM significant increase in the tail length and tail moment was observed as compared to control. However, cells examined at 24 h post-exposure showed concentration-dependent decline in all the endpoints. Findings of their study confirmed that the root meristem cells of A. cepa are a suitable model for detecting both the environmentally induced CA as well as DNA damage analyzed by Comet assay. Yıldız (2009) reported that copper sulphate (CS) and cobalt chloride (CC) increased total chromosome aberrations with an increase in the exposure time (24 and 48 h) and the concentrations of both chemicals (CS 1.5, 3 ppm and CC 5.5, 11 ppm) in A. cepa root tips. They reported that in all concentrations, CS and CC induced a significant increase in DNA damage. Therefore, the researchers confirmed that the chromosome aberration and comet assays are still the preferred plant genotoxicity tests of many researchers in a global, comparative analysis of chromosome abnormality and DNA damage in plants due to environmental pollutions. The results of these assays are suitable for monitoring genotoxicity of environmental pollutants using plants. Liman et al. (2011) , using Fenaminosulf, fungicide and micro-biocide also noted a significant increase in DNA damage at a concentration of 25 ppm used for 24 h, 25 and 50 ppm for 96 h by Comet assay in A. cepa root tips. 
